We demonstrate that the valence energy-loss function of hexagonal boron nitride (hBN) displays a strong anisotropy in shape, excitation energy and dispersion for momentum transfer q parallel or perpendicular to the hBN layers. This is manifested by e.g. an energy shift of 0.7 eV that cannot be captured by single-particle approaches and is a demonstration of a strong anisotropy in the two-body electron-hole interaction. Furthermore, for in-plane directions of q we observe a splitting of the π-plasmon in the ΓM direction that is absent in the ΓK direction and this can be traced back to band-structure effects.
2.53, respectively [3] ).
In this work, we study the loss function of hBN using NRIXS. We show detailed experimental results of the dispersion of various features and plasmons for the momentum transfer q in different crystallographic directions within and beyond the 1st BZ. The loss features show a strong directional dependence not only in the comparison in-plane/out-of-plane but also for the different directions within the plane. The origin of the different spectral features and their direction and momentum dependence are analyzed by ab-initio calculations at the level of the random-phase approximation (RPA) and with methods of many-body perturbation theory. In order to exclude a perturbation of our results by the low crystal quality, we have characterized the sample in detail.
The sample was a colorless and transparent hexagonal single crystal hBN platelet about 700 µm wide and 70 µm thick. The ΓA direction was found to be very nearly parallel to the normal of the platelet. We used single-crystal X-ray diffraction to verify that the sample exhibited an AB-type stacking, thus ruling out other stable or metastable stacking sequences [12, 13] .
The NRIXS spectra were measured on ID16 at the European Synchrotron Radiation Facility, Grenoble, France. The experiment was carried out using the eV-resolution spectrometer [22, 23] . An energy resolution of 0.6 eV was determined from the FWHM of the quasi-elastic line. The measurements were performed using the inverse scan technique [24] .
The momentum transfer resolution was ∆q/q ≈ 0.17 near the K point.
Theoretical NRIXS spectra have been calculated at the level of the random-phase approximation (RPA) starting with the Kohn-Sham DFT wave-functions in the local-density approximation (LDA) [25] . The dielectric function is obtained through
2 is the Coulomb potential in reciprocal space and χ 0 G,G ′ (q, ω) is the independent particle polarizability which is obtained from a sum over transitions from occupied to unoccupied bands [26] . G, G ′ denote reciprocal lattice vectors, andq is restricted to the 1st BZ.
The loss function σ(q, ω) is then obtained from the inverse of the dielectric matrix
where q =q+G. Crystal local-field effects are automatically included by taking into account the off-diagonal elements of ǫ G,G ′ in the matrix inversion [27] . In order to compare with the experimental loss function, we have used a broadening η = 0.4 eV. In silicon the use of the time-dependent LDA kernel leads to a considerable enhancement in the description of shortrange exchange-correlation effects [28] and to a better agreement with the experiments. We have checked that the use of time-dependent LDA does not give a substantial improvement in the case of hBN .
The experimental and theoretical NRIXS spectra along the three crystallographic directions within the first are depicted in Fig. 1 . The experimental spectra were normalized to have the same area as the calculated spectra in the energy range shown in the figure.
Overall the calculations reproduce the experimental spectra well. The ab-initio calculations match the experimental feature positions, their relative weights as well as the momentum transfer dependence. From the figure it is evident that the spectral features along the ΓA direction do not exhibit any significant dispersion. The high anisotropy of hBN is clearly reflected in the differences between the spectra in the hexagonal plane (ΓK, ΓM) and the spectrum perpendicular to it (ΓA). For q < ∼ 0.6Å −1 , the spectra along ΓK and ΓM are nearly identical. However, as the value of q is increased an anisotropy also within the hexagonal plane is clearly observed. In the high-energy range this anisotropy shows up mainly as a different rate of relative spectral weight increase for the feature between 35 eV-40 eV. The in-plane anisotropy is most evident in the behavior of the π plasmon. Its energy disperses from 9 eV at small values of momentum transfer to about 12 eV when q is near the boundary of the 1st BZ. Along ΓM an additional peak around 8 eV develops for q > 0.87Å −1 while in the ΓK direction only a weak shoulder is detected. The double-peak structure along ΓM is also visible in Im(ǫ(q)). This indicates that the directional anisotropy can be interpreted in terms of interband transitions. Fig. 2 (a) shows the band structure of hBN. For q = ΓK, the transitions that dominate the plasmon at 12 eV are the ones from the π band at A/H to the π * band at H/A, respectively (red arrows). For q = ΓM, the dominant transitions are the ones from the π band at A/L to the π * band at L/A (blue arrows). The observed 8 eV transition at q = ΓM originates from a π − π * interband transition from L to a neighboring high symmetry point L'. This is marked by the vertical green arrow in Fig. 2 (a) even though it is not a vertical transition but one with with a momentum difference of q = ΓM.
At q = ΓK the plasmon peak around 8 eV is missing because the joint-density of states displays only a minor peak there.
The ΓM and ΓK theoretical spectra have been blueshifted by 0.8 eV whereas for the ΓA spectra a blueshift of 1.5 eV was used. These shifts reflect the well-known fact that the DFT band-structure usually underestimates the transition energies between occupied and unoccupied bands. For hBN it was shown [2, 3, 6 ] that electron-electron correlation (calculated on the level of the GW-approximation) increases the transition energies by about 2 eV with respect to DFT-LDA calculations. At the same time, the attractive electron-hole interaction reduces the transition energy such that the difference between experimental and theoretical NRIXS spectra is less than 2 eV. We note that the GW-correction alone cannot explain the observed anisotropic shift since π and σ bands are renormalized in the same way.
Therefore the experimental NRIXS data cannot be explained with single particle theories and the explicit inclusion of electron-hole interaction is necessary.
In order to check if the combined effect of electron-electron and electron-hole interaction does indeed explain the (anisotropic) shift of the RPA-spectra, we carried out calculations at selected momentum transfers including excitonic effects on the level of the Bethe-Salpeter Equation (BSE) [29] . We used the approach of Refs. [18, 30] and converged all the relevant parameters [31] . To approximate the quasi-particle band energies of Ref. 6 , we used a "scissor" of 1.92 eV to shift the LDA conduction bands energies and a small stretch of 5% was applied to the valence bands. As shown in Fig. 3 the BSE results without additional energy shifts agree well with the RPA spectra that were blueshifted to the experimental energy scale. The slight differences between the two calculations seem to originate mainly from different weights of various spectral features. Also, it should be noted, that (except for the energy shift) no extra features seem to arise in the BSE results in comparison with the RPA calculations. This confirms that the RPA successfully describes long-range excitations even in strongly anisotropic and layered materials like hBN, with the BSE leading only to minor corrections. Electron-hole effects can alter extended excitations only when the attraction is very strong, like in a wide-gap insulators such as LiF [29] .
We found that the layered structure of hBN leads to a strongly anisotropic electron-hole interaction. This is demonstrated in Fig. 2 b) and c) where we show the excitonic "wave quasi-two dimensional compound [3, 6] . For q perpendicular (q ⊥ ), electron and hole are localized on different layers and form a more weakly bound three-dimensional compound.
This leads to a larger exciton binding energy for q than for q ⊥ and thus explains why the upshift due to the combined e-e and e-h interaction is lower for q than for q ⊥ .
The NRIXS spectra with a larger range of momentum transfers directed along ΓK are displayed in Fig. 4 . For most parts the calculated spectra agree well with the experimental ones. The prominent peak dispersing between 25-30 eV in the experimental spectra is reproduced very well by the calculations throughout the measured range of momentum transfers. At high momentum transfer (> 2Å −1 ) a new peak showing a small dispersion appears just above 20 eV. Its appearance and dispersion is reproduced well by the calculation.
In the same momentum transfer range calculation shows a peak at around 15 eV which in the experiments appears to be less well pronounced and at a few eVs higher in energy. Around 7 eV in the high momentum transfer experimental spectra a sharp peak is observed, which is not present in the calculated spectra.
In conclusion, we have studied the anisotropy in the valence electron dynamics of hBN using NRIXS. Besides the in-plane/out-of-plane anisotropy, the in-plane spectra show a directional dependence at large q. In particular, the π-plasmon is split along the high symmetry line Γ-M but not along the line Γ-K. The anisotropic splitting is an effect of the anisotropic dispersion of the π-bands. We have detected an anisotropy in the electron-hole interaction for momentum transfer parallel/perpendicular to the layers. For q , the electron and the hole tend to form a strongly bound quasi-two dimensional compound while for q ⊥ electron and hole tend to be localized on different layers and form a weakly bound threedimensional compound. This anisotropy explains the 0.7 eV difference in the blueshift that must be added to the RPA spectra (which neglect the effect of electron-correlation) in order to match the experimental data. 
